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Two different asymmetric Ag/ZnO composite nanoarrays were fabricated. These nanoarrays are proposed
as highly sensitive and uniform surface-enhanced Raman scattering (SERS) substrates with plasmonic-
enhanced UV-visible photocatalytic properties for self-cleaning. The asymmetric nanostructures are
composed of Ag nanoparticles hanging inside or capping on the top of ZnO hollow nanospheres, which
allows the generation of a strong local electric field near the contact area owing to the asymmetric
dielectric environment. Experimental and simulation results showed that these asymmetric structures are
favorable for achieving high photocatalytic activity under UV and visible light irradiation, in addition to
improving the SERS performance. The electron transfer model based on band gap alignment was
employed to further illustrate the mechanisms of the photocatalytic activity, which was dependent on
the wavelength of the irradiation. Given the dramatically improved photocatalytic performance, together
with the reproducible and uniform SERS signals verified by the Raman mapping results, the large area
ordered asymmetric metal/semiconductor nanoarrays have been demonstrated to be suitable for further
applications in multifunctional photoelectrochemical chips.1. Introduction
Surface-enhanced Raman scattering (SERS) has been widely
investigated as a powerful tool in ultra-sensitive vibrational
spectroscopy, leading to wide applications in analytical chem-
istry, medicine, and the life sciences.1–5 The local electromag-
netic eld enhancement induced by the surface plasmon
resonance (SPR) from noble metal nanostructures is well
accepted as the major mechanism for SERS.6 Metal nano-
structures have oen been designed with roughened surfaces or
in the form of nanoparticles (NPs) with the aim of enhancing
Raman scattering.2,7 However, from the viewpoint of practical
detection, preparing structures with both SERS and self-clean-
ing functions, which could be used as recyclable sensing chips,
is of interest.8–10 A number of approaches have been developed
to fabricate multi-functional SERS-photocatalytic substrates by
forming composites of noble metals and semiconductor mate-
rials, such as Ag or Au/TiO2 (ref. 8 and 9) or Au/ZnO.10 TiO2 hasNano Institute of Science and Technology,
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tion (ESI) available. See DOI:
hemistry 2014recently been studied with an emphasis on improving its pho-
tocatalytic activity in the photodegradation of organic pollu-
tions or in splitting water molecules.11–13 ZnO, a direct wide
band gap semiconductor with a large excitation binding energy
similar to TiO2, also shows good performance in photocatalytic
reactions, in addition to its well-known applications in dye-
sensitized solar cells and organic solar cells.14–16 Previous
studies have demonstrated that ZnO is more efficient than TiO2
in the photocatalytic degradation of reactive blue 19, 2-phe-
nylphenol, and rhodamine 6G (R6G).17–19 Moreover, the feasi-
bility of synthesizing different ZnO morphologies with high
surface-to-volume ratios, such as nanowires,20 nanoowers,21
and nanotetrapods,22 makes it an ideal candidate for photo-
catalysis. Unfortunately, the fundamental drawback to ZnO is
that it uses very little of the main part of solar energy in the
visible region because of its wide band gap of about 3.3 eV,
generally resulting in unsatisfactory conversion efficiencies.23 It
is acknowledged that, in addition to the SERS function, the
geometrical conguration of metal/semiconductor composites
can also signicantly improve photocatalytic efficiency by: (i)
increasing light absorption in the semiconductor when the
plasmon resonance energies overlap with the band gap
absorption of the semiconductor; (ii) reducing the electron–
hole diffusion length in nanostructures; and (iii) forcing the
electron–hole separation by transferring the energetic electronsJ. Mater. Chem. A, 2014, 2, 7747–7753 | 7747












































View Article Onlinebetween the metal and the semiconductor.24–27 Therefore
designing and fabricating metal/semiconductor composites in
different morphologies and contact forms, such as core/shell8,28
or janus nanostructures,13 could be a feasible strategy to
accomplish both high SERS sensitivities and enhanced photo-
catalytic efficiencies on a multi-functional SERS substrate.
In this work, two asymmetric direct contact metal/semi-
conductor (Ag/ZnO) hybrid nanoarrays in different congura-
tions and contacts were fabricated by the nanosphere
lithography technique.29–31 The nanoarrays were then used as
SERS-active substrates with self-cleaning functionalities under
both UV and visible light irradiation. In addition to highly
sensitive SERS phenomena, reproducible plasmonic-assisted
self-cleaning properties were realized in these asymmetric Ag/
ZnO nanoarray substrates. These are suggested to be caused by
the extremely strong local eld enhancement near the contact
area of the metal/semiconductor. The experimental extinction
spectra and simulated near-eld distributions in these hybrid
nanoarrays provide further evidence of enhanced SPR proper-
ties. An electron transfer model combined with band gap
alignment was proposed to explain the photocatalytic mecha-
nisms in these geometrically different asymmetric Ag/ZnO
nanocomposites under UV and visible light irradiation. Given
the simple and Si-compatible fabrication process, these kinds of
multi-functional asymmetric metal/semiconductor nano-
composite substrates are fundamentally and technically appli-
cable in practical integrated recyclable sensing chips.2. Experimental section
2.1 Fabrication of the asymmetric nanostructure arrays
The two different composite nanostructures of Ag NPs hanging
inside and capping on ZnO hollow nanospheres (HNSs) were
fabricated using polystyrene (PS) nanospheres as templates,
followed by radio-frequency magnetron sputtering deposition
and a thermal treatment. The fabrication process for the Ag NPs
on the top of the ZnO HNSs (AOZ) has been described previ-
ously;32 the Ag NPs inside ZnO HNSs (AIZ) were prepared by
reversing the order of deposition of the Ag and ZnO lms. In
brief, the monolayer PS nanospheres (7 wt%) with diameters of
360 nm were rst self-assembled using the spin-coating
method on Si substrates cleaned by wet chemical methods. To
obtain a suitable size and distribution of the periodic nano-
arrays, the PS template can be manipulated by oxygen plasma
etching. The Ag and ZnO lms, both with thicknesses of 20 nm,
were then successively deposited in the sequence ZnO and Ag,
or Ag and ZnO, on the PS templates at room temperature by
radio-frequency magnetron sputtering, followed by thermal
treatment at 500 C for 30 min in N2 ambient atmosphere. Two
kinds of asymmetric hybrid nanostructures were produced,
with Ag NPs either capping on or hanging inside the top
surfaces of ZnO HNSs.Fig. 1 SEM images of (a) ZnO HNS arrays, (b) AOZ arrays, and (c) top
and (d) insidemorphologies of the AIZ arrays. To obtain information on
the inside of the AIZ structures, the arrays on the silicon substrate were
lifted off by conductive tape and then the inverted AIZ structure was
characterized.2.2 Characterization
The morphologies and structural properties of the composites
were investigated using eld emission scanning electron7748 | J. Mater. Chem. A, 2014, 2, 7747–7753microscopy (Hitachi S-4800). A UV-visible spectrophotometer
(Varian Cary 300) was used to collect the extinction spectra of
the samples. The SERS characterization of asymmetric Ag/ZnO
nanoarrays was performed on a Renishaw inVia Raman
microscope using the 532 nm laser excitation source and R6G
analyte. The photocatalytic activities of these two samples
under UV and visible light irradiation were evaluated by the
intensity of the Raman signals of R6G on the corresponding
substrates. During the photocatalytic processes, the UV light
source was an 18 W Philips UV lamp emitting lines ranging
from 340 to 410 nm with the main wavelength at 365 nm. The
visible light source was a xenon lamp (500 W) with a UV light
lter (cut-offwavelength of 400 nm) with an optical power of 100
mW cm2. Raman mapping was carried out on a confocal
Raman imaging system (WITec Alpha 300 confocal Raman
microscope) with a 488 nm laser excitation source.3. Results and discussion
3.1 As-fabricated asymmetric structures
Fig. 1 shows the SEM images of the hexagonal close-packed ZnO
HNSs and two different asymmetric hybrid structures produced
using the 360 nm self-assembled PS nanospheres as templates.
The size and separation of the PS spheres were adjusted by
oxygen plasma etching on the template for 15 s so that the as-
produced ZnO HNSs showed an average diameter of 330 nm in
periodic arrays (Fig. 1a). The subsequent Ag lm deposition and
thermal treatment help to aggregate the Ag NPs into an ellipsoid
shape with axis sizes of about 190, 190, and 150 nm directly
capping on the ZnO HNSs (denoted as AOZ; Fig. 1b and inset).
The periodic ZnO HNS arrays with Ag NPs hanging inside
(denoted as AIZ; Fig. 1c and d) were fabricated by reversing the
deposition sequence of the Ag and ZnO lms; similar sizes of
ZnO HNSs and Ag NPs can be visualized. It should be noted that
the ZnO layer has an important role during the fabrication
processes, acting as a supporting template to form the twoThis journal is © The Royal Society of Chemistry 2014












































View Article Onlineasymmetric structures, and also creates a different asymmetric
dielectric environment.3.2 SERS-active characterizations
A confocal Raman microscope with a 532 nm laser source was
used to measure the SERS spectra of R6G on both asymmetric
Ag/ZnO nanocomposites, which exhibit intensive Raman
signals (Fig. 2a). The resolved Raman vibration features of R6G,
located at around 611, 771, 1361, 1418, 1574, and 1648 cm1,
agree well with previously reported data.33 When reducing the
concentration of the R6G probe down to 108 M, distinguish-
able Raman signals can still be identied in the Raman spectra
of these two asymmetric nanostructures, indicating their high
SERS activities. Understandably, no Raman signal could be
detected on the bare ZnO HNS arrays, even with an R6G
concentration as high as 104 M, due to the lack of the SPR
effect in the absence of metal decoration. Notably, the Raman
signal intensity on the AIZ substrate is comparable with that on
the SERS substrate of AOZ, despite the presence of a 20 nm ZnO
isolated layer.34
To further understand the SERS performances on these
asymmetric structures, the near-eld distributions of the AOZ,
AIZ, and bare ZnO HNS nanostructures under 532 nm light
irradiation were simulated by the nite difference time domain
method (Fig. 2b). Compared with the bare ZnO HNSs, a strong
local eld can be visualized around the Ag NPs in both asym-
metric Ag/ZnO composite structures. Specically, there is a
much stronger eld enhancement at the contact region between
the Ag NPs and the ZnO HNSs in both structures, which are
known as hot-spots arising from the asymmetric dielectric
environment around metal NPs and have been widely used forFig. 2 (a) Raman spectra of the R6G probe at concentrations of 104
and 108 M on AOZ and AIZ arrays compared with that on the bare
ZnO HNS sample at 104 M. (b) Simulated near-field distributions of (i)
AOZ, (ii) AIZ, and (iii) bare ZnO HNS arrays on Si substrates under 532
nm light illumination (same laser source energy as in the Raman
measurements) with the intensity on a log scale. The corresponding
incidence of light and the polarization direction are shown. The
diameter and shell thickness of the ZnO HNS were set as 330 and 20
nm and the axes sizes of the ellipsoid Ag NP in both nanocomposites
were 190, 190 and 150 nm, which are consistent with the experimental
parameters.
This journal is © The Royal Society of Chemistry 2014SERS.13 Exceptionally, on the AIZ hybrid and in addition to a
strong localized eld in the contact area, a considerable local
eld enhancement can still penetrate to the outer surface of the
ZnO layer, which is believed to be responsible for the Raman
signal enhancement. Thus, both AOZ and AIZ are effective
SERS-active structures.3.3 SPR properties of the asymmetric structures
Fig. 3a shows the extinction spectra of the as-prepared AOZ and
AIZ nanocomposites on a sapphire substrate compared with the
bare ZnO HNS arrays. In the spectrum for the bare ZnO HNS
substrate, in addition to the absorption edge at 375 nm which
is generally attributed to the near band edge absorption of ZnO,
another main extinction peak is resolved at 424 nm. This is
believed to originate from the whispering gallery mode reso-
nances of the ZnO hollow nanocavity arrays.35 Aer decorating
the Ag NPs either on or inside the ZnO shell surface, an obvious
extinction enhancement is observed around 375 nm and is
suggested to be due to the higher order SPR modes from the
larger Ag NPs (diameters > 100 nm).36 A broad LSPR band
covering the visible region from 552 to 670 nm in AOZ arrays
and centered at 533 nm in AIZ arrays can also be distinguished.
Undoubtedly, the different extinction features of the two kinds
of Ag/ZnO asymmetric structures should be attributed to the
size, shape, and dielectric environment effects of metal NPs,
which could possibly affect the plasmonic-assisted photo-
catalytic activity of the two structures in the visible region.
Considering the possibility of enhancing the photocatalytic
performance by the LSPR effect in these asymmetric structures,Fig. 3 (a) UV-visible extinction spectra of Ag NP on ZnO HNS (AOZ),
Ag NP in ZnOHNS (AIZ) and ZnOHNS arrays on sapphire. (b) Simulated
near-field distributions of the AOZ (i and ii) and AIZ (iii and iv) nano-
structures on Si substrates under visible and UV light illumination,
respectively. The intensity is on a log scale.
J. Mater. Chem. A, 2014, 2, 7747–7753 | 7749












































View Article Onlinethe near-eld distributions in these two hybrids were simulated
using both UV and visible light irradiation at typical incident
angles of 90 (Fig. 3b) and 45 (Fig. S1 of ESI†). Under UV light
illumination at 375 nm, matching with the band gap energy of
ZnO, a strong local eld is present near the interface of Ag/ZnO
in addition to the eld induced by the high-order SPR mode
around the Ag NPs in both samples (Fig. 3b, i and iii). This is
favorable in improving the photocatalytic properties by
enhancing the light absorption in ZnO.13 It should be noted that
the local near eld in the AIZ hybrid is slightly weaker than that
in the AOZ structure, possibly due to the higher intrinsic
absorption of ZnO near the band edge in this dielectric shell
isolated structure. In the visible region, both the asymmetric
structures show a highly enhanced local electrical eld related
to the dipole mode around Ag NPs (Fig. 3b, ii and iv), which
might potentially be applied to enhance the plasmonic-assisted
photocatalytic self-cleaning functionality in the visible region.3.4 Plasmonic-assisted self-cleaning properties
The plasmonic-assisted self-cleaning process was performed on
the two asymmetric Ag/ZnO hybrid nanostructures under UV
light irradiation and was evaluated by the intensity of the
Raman signals. Fig. 4a and b show the SERS spectra of R6G
adsorbed on these two substrates as a function of the UV irra-
diation time from 0 to 120 min. It can be seen that the inten-
sities of the Raman signals of the R6G probe on the
geometrically different asymmetric structures both decline as
the irradiation time increases, with the AOZ hybrid showing the
faster reduction. There is no apparent change on the bare ZnO
HNS sample (Fig. S2†). The self-cleaning activities on these two
samples were further compared by plotting the degradation rate
of the Raman signal h¼ I/I0 (where h¼ degradation ratio, and I0
and I respectively represent the relative Raman signal intensity
at about 611 cm1 without and with UV or visible lightFig. 4 SERS spectra of R6G (104 M) treated with UV light irradiation on
activities on the two hybrids for degradation of R6G under UV light irradia
of R6G (104 M) on the AOZ substrate during repeated measurements o
7750 | J. Mater. Chem. A, 2014, 2, 7747–7753irradiation for a certain time) (Fig. 4c). This is statistical
evidence for the obvious photocatalysis-mediated self-cleaning
process in both nanostructures, although a signicantly higher
photocatalytic activity is accomplished in the AOZ structure.
The self-cleaning property of the AOZ structure was also veried
by repeated Raman measurements with R6G probe absorption
and UV irradiation cycles (Fig. 4d). As a result, good recyclability
was still able to be maintained on the as-prepared nano-
composite aer ve cycles of reuse.
The self-cleaning activity of both the AOZ and AIZ SERS
substrates under visible light irradiation was also investigated
(Fig. 5). In spite of the absence of photo-generated carriers in
this wide band gap semiconductor facilitating the photo-
catalytic process, an effective photodegradation of R6G was still
able to be realized on both of the asymmetric structures (Fig. 5a
and b). In this circumstance, hot electrons generated from the
plasmonic effect are suggested to be the main reason for the
photocatalytic degradation of R6G.27,37 However, the statistical
degradation rate (Fig. 5c) for the AIZ sample seems to be slightly
faster than that for the AOZ sample, which will be explained in
the next subsection. The recyclable examination performed on
the AOZ composite conrms that it is an acceptable plasmonic-
assisted self-cleaning substrate with good recyclability in visible
light irradiation (Fig. 5d).3.5 Photocatalytic mechanisms
To better elucidate the reaction mechanisms in these asym-
metric metal/semiconductor nanostructures under UV and
visible light irradiation, the electron transfer model combined
with band gap alignment was proposed (Fig. 6). As the work
function is different for ZnO (5.2 eV with an electron affinity of
4.5 eV) and Ag (4.2 eV), the Ohmic contact of the Ag/ZnO
interface can be formed aer Fermi level equilibration [Fig. 6a(i)
and b(i)].38,39 Under UV light irradiation, the following possiblethe hybrid structures of the (a) AOZ and (b) AIZ arrays. (c) Self-cleaning
tion (Raman signal intensity radio h¼ I/I0). (d) Reversible SERS behavior
f UV irradiation cycles.
This journal is © The Royal Society of Chemistry 2014
Fig. 5 SERS spectra of R6G (104 M) treated with visible light irradiation on the (a) AOZ and (b) AIZ arrays. (c) Self-cleaning activities on the two
hybrids for degradation of R6G under visible light irradiation. (d) Reversible SERS behavior of R6G (104 M) on AOZ during repeated measure-
ments of visible irradiation cycles.
Fig. 6 Energy band gap and photocatalytic mechanisms of asym-
metric AOZ and AIZ arrays under (a) UV light and (b) visible light
irradiation.












































View Article Onlinereaction processes on the asymmetric Ag/ZnO samples are
proposed:40,41




) + Ag / ZnO + Ag(e) (2)This journal is © The Royal Society of Chemistry 2014Ag/ZnO(e) + O2 / Ag/ZnO + cO2
 (3)
ZnO(hvb
+) + OH / ZnO + cOH (4)
cO2
 or cOH + R6G / degradation of R6G (5)
As the energy of the excited light produced using the UV lamp
with amain wavelength of 365 nm (3.4 eV) is larger than the band
gap (3.3 eV) of ZnO,36 the electron will be excited to the
conduction band (CB), leaving a vacant state (hole) in the valence
band, as in reaction (1). The photo-generated electron–hole pairs
will be easily separated at the Ag/ZnO interface in the Ohmic
contact type by transferring the excited electrons in the CB of ZnO
to the Ag NPs by the force of the intrinsic electric eld. The
electrons transferred to the Ag NPs and those on the ZnO HNSs
can efficiently react with O2 molecules adsorbed on the surface of
Ag and ZnO to form cO2
 according to reactions (2) and (3)
[Fig. 6a(ii) and (iii)]. At the same time, the photo-generated holes
located on the surface of ZnO can also react with the H2O in air to
produce another free radical of cOH [reaction (4)]. The reactive
oxygen species generated (cO2
 and cOH) have a high level of
oxidative activity, which can effectively degrade the R6G dyes
[reaction (5)].41 These reactions can occur readily both on the Ag
NPs and the ZnO layer in the AOZ structure, where the R6G can
be adsorbed. However, in the AIZ hybrid, the ZnO shell layer
isolates the R6G molecules from Ag NP, thus inhibiting the
reaction contributed by the Ag NPs in reaction (3) and therefore
reducing the photocatalytic activity of this AIZ structure
[Fig. 6a(iii)]. This reasonably explains why a higher photocatalytic
activity is present in the AOZ hybrid than in the AIZ composite.
The highly localized strong electric eld at the Ag/ZnO interface,
shown in the nite difference time domain simulation results to
enhance the light absorption of ZnO HNS, is, of course, anotherJ. Mater. Chem. A, 2014, 2, 7747–7753 | 7751
Fig. 7 SEM image of (a) AOZ in an area of 10 mm  10 mm, and Raman
mapping of R6G (104 M) on AOZ substrates treated by UV light irradi-
ation for (b) 0 min, (c) 90 min, and (d) visible light irradiation for 240 min.












































View Article Onlinefactor in the improved photocatalytic activity on both the asym-
metric Ag/ZnO hybrid structures. In addition to the migration of
electrons fromZnO to AgNPs, a small portion of the hot electrons
transfer from the AgNPs to the ZnO due to the higher ordermode
LSPRs in Ag NPs under UV irradiation. However, this can be
ignored as it is small in quantity compared with the large number
of photo-generated carriers.
Under visible light irradiation, the energetic electrons, also
called hot electrons, on the Ag NPs can be photoexcited to
support the collective electron oscillations (known as the LSPR
effect) ([Fig. 6b(i), reaction (6)]).42,43 Hot electrons with sufficient
energy can subsequently transfer from the Ag NPs to the CB of
ZnO to achieve new thermal equilibrium [reaction (7)]:41
Ag + hn / Ag* (6)
Ag* + ZnO / Ag + ZnO(ecb
) (7)
ZnO(ecb
) + O2 / ZnO + cO2
 (8)
cO2
 + R6G / degradation of R6G (9)
The electrons that accumulate on the surface of ZnO can also
be captured by adsorbed O2 molecules to yield the highly oxida-
tive radical cO2
 [reaction (8)] and then degrade the organic
molecules of R6G [reaction (9)]. In this case, the photo-
degradation reaction mainly occurs on the ZnO layer, which
explains the minor differences in the degradation rate for the AIZ
and AOZ arrays with the Ag NP decoration either on or inside the
ZnO surface. However, as shown in Fig. 3a, the differences in the
LSPR properties of the two samples should also contribute to the
different degradation rates on AIZ and AOZ arrays. The stronger
extinction near 550 nm (the centre emission line of the visible
light source) on the AIZ sample would effectively promote the
plasmonic-assisted photodegradation reaction. Thus a slightly
faster degradation rate was obtained on the AIZ structure than on
AOZ structure (Fig. 5c). As the amounts of electrons transferring
from Ag NPs to ZnO under visible light irradiation are much less
than those transferring from ZnO to Ag NPs under UV illumina-
tion, the photodegradation rate under UV light irradiation is
faster than the corresponding rates under visible light on both
asymmetric hybrids.3.6 Uniformity for SERS and self-cleaning
In practical applications, uniformity and a thorough self-cleaning
ability on SERS substrates are of considerable importance. These
can be characterized by Raman mapping. The Raman mapping
image of the AOZ ordered arrays over a large 10 mm 10 mm area
(Fig. 7a) shows strong and uniform Raman signals (Fig. 7b),
which is the evidence that the periodic substrate is practically
applicable as an SERS substrate. Aer irradiation by UV and
visible light for 90 and 240 minutes, respectively, the Raman
intensity of R6G decreases until it becomes invisible (Fig. 7c and
d), demonstrating its good uniformity and efficiency for the
photodegradation of R6G molecules. Therefore, a recyclable
SERS-active substrate with uniform and thorough self-cleaning7752 | J. Mater. Chem. A, 2014, 2, 7747–7753functionality can be technically fabricated by conguring the Ag/
ZnO asymmetric hybrid structure.4. Conclusions
In summary, two asymmetric Ag/ZnO nanocomposite SERS-
active substrates with plasmonic-assisted UV-visible photo-
degradation properties were designed and fabricated. The
asymmetric dielectric environment around the Ag NPs in both
structures creates a specic local eld enhancement near the
contact area of Ag/ZnO, which is not only benecial for light
absorption in the semiconductor, but also favors the separation
and migration of charge between the metal and semiconductor.
Therefore, in addition to the highly sensitive SERS performance,
self-cleaning functionalities were obtained on both asymmetric
Ag/ZnO composite structures, with Ag NPs decorated either on or
inside the ZnO HNS surfaces. The plasmonic-assisted photo-
catalysis is realized with different efficiencies depending on the
geometrical conguration of the asymmetric Ag/ZnO composite
and the energy of the incident light. An electron transfer model
based on the band gap alignment was proposed to gain insights
into the reaction mechanisms. Based on the highly enhanced
photocatalytic performance accompanying the reproducible and
uniform SERS property, these large area ordered asymmetric
metal/semiconductor nanoarrays have been demonstrated to be
potentially applicable as recyclable SERS or integrated recyclable
sensing chips. The concepts and fabrication methods demon-
strated in this work can be fundamentally and technically
extended to other metal/semiconductor composite systems for
further research and application.Acknowledgements
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